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Abstract
Post-activation potentiation (PAP) is the acute enhancement of contractile properties
following a short duration (<10s) high intensity contraction. Compared with isometric
contractions, little is known about the PAP response induced by concentric conditioning
contractions (CCs) and the effect of contractile speeds. In the dorsiflexors of 10 participants,
twitch responses were measured following 5s of maximal effort concentric CCs at each of 10, 20
and 50 /s. Concentric PAP responses were compared to a maximal isometric voluntary
contraction (MVC) matched for contraction time. Additionally, concentric CCs were compared
to isometric CCs matched for mean torque, contraction area and time. The principal finding was
that the PAP response following maximal concentric CCs was independent of contractile speed
and, there was no difference in the PAP response between concentric CCs and an isometric
MVC. Maximal contractions, regardless of contraction modality, likely produce sufficient Ca2+
to induce a full PAP response, and thus there was no difference between speeds or contraction
type. Concentric CCs had significantly larger peak twitch torques than their isometric torque
matches (49-58%), and faster maximal rates of torque development at the three speeds (62-77%).
However, these responses are likely related to greater muscle activation (EMG), and not
contraction modality per se. Thus, PAP responses following maximal concentric CCs are not
affected by velocity and responses are not different from an isometric MVC. This indicates
maximal CCs produce a full PAP response independent of contraction type (isometric vs
concentric) or shortening velocity.
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Lay Summary
Following repetitive high force contractions muscles can experience fatigue. However,
following a high force contraction of short duration <10s muscle force can become enhanced for
a short period ~30s-10min. This enhanced force response is called post-activation potentiation
(PAP), and the PAP response is related to the force level of the previous contraction. PAP is a
biochemical “warm-up” in which the previous contraction primes myosin, which is a key protein
involved in muscle contraction. The contraction which creates this PAP response is well
understood during an isometric contraction (no joint movement). However, isometric
contractions have less applicability to daily dynamic movements. Thus, the purpose of the
present study was to investigate the PAP response after concentric (muscle shortening)
contractions at three joint speeds (10, 20 and 50 /s) and compare the response to isometric
contractions. In 10 participants (7 males and 3 females) the PAP response was measured after
isometric and concentric contractions (10, 20 and 50 /s) of the ankle joint muscles on the front of
the leg. Following maximal isometric (no joint movement) and maximal concentric (muscle
shortening) contractions at 10, 20 and 50 /s there was no difference in the PAP response.
Because the force of the contraction to produce PAP is a determining factor, force between
isometric and concentric contractions were matched. When matched for force, concentric
contractions at all speeds produced a greater PAP response than isometric contractions.
Additionally, there were no differences in the PAP response between concentric speeds. These
findings show concentric contractions at slow and moderate speeds produce a similar PAP
response as a maximal isometric contraction. However, when the force production was matched
between contraction types (concentric and isometric) concentric contractions produced larger
PAP responses regardless of the speed of contraction.
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Chapter 1
1 Literature Review
1.1 General Introduction
The contractile properties of skeletal muscle can be acutely impaired or enhanced depending on
its contractile history. Following fatiguing contractions contractile properties can become
impaired demonstrating contractile weakness and slowing. However, following a short high
intensity contraction, contractile properties may become enhanced demonstrating faster
contractile properties with a greater force generating capacity. This enhanced muscular
phenomenon is referred to as activity-dependent potentiation. The principles underlying activitydependent potentiation are well studied primarily during isometric contractions, whereas, other
acute high intensity contraction modalities to induce this response have received much less
exploration. Isometric contractions (no joint movement) have less applicability to daily dynamic
movements and thus it is important to understand whether this inherent activity-dependent
property is induced following dynamic contractions (joint movement) and what other factors are
involved in modifying activity-dependent potentiation in dynamic movements as compared with
isometric actions (Baudry & Duchateau 2004).

1.2 Skeletal muscle: structural and functional hierarchy
Human skeletal muscle is a highly organized structure comprised of thousands of multinucleated
muscle fibres. Within each muscle fibre are cylindrical myofibril units arranged in parallel and
these contain longitudinal contractile building blocks called sarcomeres which are boarded by Z
discs. Sarcomeres are the basic element of muscle contraction, comprised of mostly actin and
myosin contractile filaments (Rassier 2010). The force production of a whole muscle is
proportional to the number of sarcomeres acting in parallel, and conversely, velocity is
proportional to the number of sarcomeres acting in series (Gans & Bock 1965; Gans 1982; Sacks
& Roy 1982). Therefore, the functional capability of a whole muscle is influenced by its
structure. For example, muscles designed for high velocity actions such as orbicularis oris
surrounding the eye have fibres that are very long and aligned along the axis of force generation
(Johnson et al. 1973; Powell et al. 1984), whereas, the vasti muscles of the thigh are designed for
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high force production and have fibres in a pennate arrangement fixed to the relative axis of force
generation. This pennation arrangement increases the number of sarcomeres in parallel (Johnson
et al. 1973; Wickiewicz et al. 1983).
Human skeletal muscle is a heterogeneous tissue. Specifically, muscle fibres are comprised of a
diverse array of fast and slow types and subtypes. Fibre types can be delineated according to
differences in both structural and functional properties. There are many isoforms of myosin
(Pette & Staron 2000), which is a fundamental contractile protein for muscle contraction. Thus,
the most common method for classifying fibre type is by myosin profiles, specifically myosin
heavy chain (MHC) isoforms as this is where a majority of functional differences exist between
myosin profiles (Weiss et al. 1999a). The three main fibre types are: MHC type I, type IIA and
type IIX. However, fibre types should not be strictly classified and should be expressed as a
continuum because of the existence of hybrid fibres (Pette & Staron 2000, Heckman & Enoka
2012). Hybrid fibres is a term used to describe a muscle fibre which displays a co-expression of
MHC isoforms. When a fibre displays a single MHC isoform the fibre is deemed ‘pure’, but
hybrid fibre types are delineated based on the predominate MHC isoform it displays (Pette &
Staron 2000). This organized continuum matches the phenotypic properties well with the fibres’
functional contractile properties (Barany 1967; Close 1967). Within the fibre type groupings
(Type I, IIA, IIX), type I are considered ‘slow’ fibres because the contractile properties are
slower, they produce less force but are also the most fatigue resistant. These characteristics grade
with the fibre type continuum, such that Type IIX display the fastest contractile properties, the
greatest force production and are the least fatigue resistant (Harriage et al. 1996). Furthermore,
the ATP used per unit of force, and maximal shortening velocity is highest in type IIX and
lowest in type I (Bottinelli et al. 1994b; Larsson & Moss 1993). Thus, fibre typing should be
regarded as a continuum in human skeletal muscle.

1.3 Tibialis Anterior
The tibialis anterior (TA) is the largest muscle of the anterior leg (Figure. 1). The TA is a
bipennate, superficial muscle predominantly composed of Type I muscle fibres (~75%) (Johnson
et al. 1973). It is the primary dorsiflexor (Marsh et al. 1981), and also functions to invert the foot
making the TA functionally important for gait and balance (Hardin & Devendra 2020, Azam et
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al. 2020). The TA is innervated by the deep fibular nerve, which can be palpated lateral and
posterior to the head of the fibula. The superficial location of this nerve makes it accessible for
percutaneous peripheral nerve stimulation to assess involuntary muscle properties of the TA. The
TA therefore is a common muscle of study because it is the biggest contributor to dorsiflexion
(~40-60%) and the muscle can easily be stimulated due to peripheral nerve accessibility
(Fukunaga et al. 1996; Marsh et al. 1981).

Figure 1. Anatomical view of tibialis anterior muscle. (Adapted from https://www.physiopedia.com/File:Tibialis_anterior_close.png)

1.4 Muscle twitch
A muscle twitch is the transient force response produced by a single low frequency (1Hz)
maximal electrical stimulus. Stimulation may be done over the muscle or the nerve which
innervates the muscle of interest. The twitch response encompasses the entire excitationcontraction coupling process, but due to active-state processes represents a sub-maximal unit of
contractile activation. An evoked twitch response allows for the control of input the muscle
receives in relation to the contractile output. Maintaining the same input (frequency and stimulus
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intensity) allows for the assessment of muscle contractile properties pre and post interventions.
Various influences of activation histories, such as muscle fatigue may alter aspects of the twitch
response. The evoked twitch response may become altered by a change in its magnitude (force),
time course (duration), or both.

1.5 Surface electromyography
Surface electromyography (sEMG) is a non-invasive technique used to record and assess global
myoelectrical activity. Recording of sEMG is done by placing electrodes on the surface of the
skin directly over the muscle of interest. Myoelectrical activity is propagated by axons and
muscle fibre conduction and represents the activation of motor units (MU) as functional
contractile units. The MU is defined as the lower motor neuron and the muscle fibres’ it
innervates (Lindell and Sherrington 1925). MUs regulate contractile output by recruitment/derecruitment and/or adjusting firing rates (rate coding) of already recruited MUs (Heckman &
Enoka 2012). Signals recorded by sEMG cannot distinguish between these two mechanisms
(recruitment and rate coding) but represent an approximation of neural drive to the muscle (De
Luca 1997). Because sEMG is non-invasive it is an attractive technique to measure and
understand myoelectrical signals. However, there are many factors which can affect sEMG
interpretation such as electrode shift, interelectrode distance and subcutaneous tissue properties
(Farina 2006). With limitations in mind, sEMG provides a useful tool to measure myoelectrical
activity and is commonly used in exercise studies (Farina 2006).

1.6 Excitation-contraction coupling
Excitation-contraction coupling describes the communication between electrical activity at the
muscle fibres sarcolemma and the sarcoplasmic reticulum release of Ca2+ ultimately producing a
muscle contraction (Sandow 1952). The first step in excitation-contraction coupling is the
depolarization of the sarcolemma membrane via neuromuscular transmission. Fast Na+ channels
open once the membrane potential reaches threshold and the action potential is propagated along
the sarcolemma down the transverse tubules (T-tubules). The T-tubules contain both Na+ and K+
channels in addition to Ca2+ channels called dihydropyridine receptors. Dihydropyridine
receptors are densely packed within the T-tubules and function as voltage sensors detecting the
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action potential membrane depolarization. Ryanodine receptors are the Ca2+ channels of the
sarcoplasmic reticulum (SR). The detection of depolarization via dihydropyridine receptors
triggers ryanodine receptors to open, subsequently releasing Ca2+ from the terminal cisternae of
the SR. This release increases Ca2+ within the myoplasm. Troponin C is a regulatory protein
attached to the thin filament, the free Ca2+ in the myoplasm binds with Troponin C. The binding
of Ca2+ to Troponin C exposes the actin myosin binding cites by physical displacement of
tropomyosin away from these sites (Bers 2002; Gordon et al. 2001). Each troponin C will remain
away from these sites only if Ca2+ occupies the given troponin C. Tropomyosin movement
exposes seven actin monomers, thus these seven sites are now open for cross-bridge
development (Gordon et al. 2001). Once myosin-binding sites are exposed, and sufficient ATP is
present, myosin can bind to actin, and this forms a cross-bridge. Specifically, the globular end of
myosin referred to as the S1 region, has multiple hinged segments which can bend and change its
conformation to pull on actin (Hynes et al. 1987; Spudich 2001). The ‘tail’, or S2 region of
myosin is slimmer, exhibits flexibility, rotates and works collectively with the S1 region to create
contraction (Spudich 2001). The S2 region tethers the S1 region to the thick filament, remaining
in place as the actin filament moves ~10nm (nanometers) (Spudich 2001). This movement by the
S1 region is called the ‘power stroke’. The energy for the power stroke is by the hydrolysis of
ATP as ADP and Pi are released during this motion. After contraction a new ATP molecule is
needed to remove the S1 region from actin. Without this ATP, myosin would remain bound with
actin (Lorand 1953). After myosin removal this process can repeat, and is referred to as crossbridge cycling. When a cross-bridge is formed myosin pulls on actin and the sarcomeres shorten
by bringing the Z-discs closer together. The summation of multiple shortening sarcomeres
amplifies the response subsequently shortening the whole muscle and transfers forces along the
tendon to the bone producing joint rotation. Although ATP supplies the energy for contraction,
Ca2+ is an important regulator. Without sufficient Ca2+ tropomyosin will block the myosin-actin
binding sites (Lehman et al. 1994). Therefore, although sufficient ATP may be present low
myoplasmic Ca2+ can terminate myosin actin interaction by Ca2+ uptake into the SR. The
membrane pump responsible for this uptake is called sarcoplasmic reticulum Ca2+ ATPase
(SERCA) (Bers 1997; Bers 2002). Thus, even if sufficient ATP is present, a reduction in Ca2+
concentration to a resting level (via SERCA pumps) will exponentially decrease the number of
active force generating cross-bridges.
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1.7 Isometric and concentric muscle contractions
Isometric contractions, or fixed end contractions, are defined as an active muscle contraction in
which the joint does not move in response to muscle activation. In contrast, a concentric
contraction is an active muscle contraction in which the joint is allowed to move due to active
shortening of muscle fibres and therefore the whole muscle. Although joint angle remains stable
during isometric contractions, cross-bridge cycling and active internal muscle fibre shortening
are occurring to produce force (Hill 1938; Katz 1939; Muthu et al. 2008), but this shortening is
less than concentric due to the restraint of the fixed joint angle.
The sliding filament and cross-bridge theories of muscle contraction explain that force
production in isometric contractions is dependent on both the number of formed cross-bridges
and the sarcomere length which alters myofilament overlap (Blix 1894; Huxley 1957).
Therefore, force production is lower when isometric contractions are performed at muscle
lengths which position actin-myosin overlap into a sub-optimal force generating state. Thus, it is
well described that isometric force production is dependent on the joint angle (muscle fibre
length) which ultimately alters cross-bridge formation (Gorden et al. 1966a). During a concentric
contraction the joint angle is actively changing with a concurrent alteration is actin-myosin
overlap. As muscle length shortens (concentric movement) the number of active cross-bridges
are fewer (Piazzei et al. 2007) in addition to sub-optimal actin-myosin overlap, thus resulting in
less force production during concentric movement when compared to isometric. Additionally,
during concentric contractions there is an increase of Ca2+ within the myoplasm (Allen &
Kurihara 1982; Ashley & Moisecu 1975; Stephenson & Wendt 1984) likely because there is less
Ca2+ bound to troponin C (Stephenson & Wendt 1984) as more cross-bridges are within a nonforce generating state (Piazzesi et al. 2007).

1.8 Activity-dependent potentiation: definitions
There are several terms which are commonly used as synonyms to describe the enhanced
contractile response for a given activation following previous muscle activation (MacIntosh
2010; Smith and MacIntosh 2021). The broadest term to describe this muscle response is activity
dependent potentiation. Within this general term there are three distinctions: staircase, post-
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tetanic potentiation, and post-activation potentiation. To uncover and quantify any of these
enhancements an artificially evoked contractile response with the same stimulation parameters is
needed pre and post muscle activation. These terms cannot be used to describe this muscle
phenomenon unless a submaximal evoked contraction is measured pre and post muscle
activation. This evoked contraction is used to quantify and detect changes in activation.
Staircase describes the progressive enhancement of the muscle twitch response during repeated
stimulation at low frequencies from rest (MacIntosh 2010). The frequency to induce staircase is
muscle, species and temperature dependent (MacIntosh 2010). Staircase is not commonly used in
human models to study activity-dependent potentiation. Post-tetanic potentiation (PTP) is the
enhanced contractile response for a given submaximal activation following an artificially evoked
tetanic contraction (Brown and Von Euler 1938; Guttman et al. 1937). PTP is commonly used
when voluntary activation is impossible, such as reduced muscle preparations, or to segmentally
study an intact neuromuscular system. There are benefits for using PTP, however the process to
potentiate the muscle is non-physiological. For example, in humans maximal evoked peripheral
nerve stimulation causes a constant synchronous activation of all motor units, which does not
occur under voluntary control (Heckman & Enoka 2012). Post-activation potentiation (PAP) is
the enhanced contractile response for a given sub-maximal activation following voluntary
muscle activation (Burke et al. 1976; Sale 2002). Thus, the study of PAP may be more
functionally relevant as it involves voluntary muscle activation to potentiate the muscle as
opposed to involuntary stimulation (PTP). PAP is the most common form of activity dependent
potentiation used in human models of study (Blazevich & Babault 2019), however, PTP can also
be beneficial in human models of study to evaluate muscle responses without the confounding
variables related to voluntary control (Smith et al. 2020).

1.9 Post-activation performance enhancement (PAPE)
Within the last 20 years many published studies have misused the terms associated with activity
dependent potentiation. For these terms to be used correctly, specifically PTP and PAP, there
must be the evaluation of submaximal contractile properties before and after muscle activation
using the same stimulation parameters (Smith & MacIntosh 2021). This controlled assessment of
activation allows for the measurement of muscle contractile properties. Without a pre and post
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contraction assessment PTP and PAP are not applicable terms. Although PAP has been used and
defined as the improvement in voluntary performance (such as power) following prior activation
without any pre or post contractile activation assessments (Boullosa et al. 2020), this is not
correct terminology. Indeed, PAP may improve voluntary performance, but post-activity
enhancement can occur regardless of the presence of PAP. These enhancements following
activation not directly attributed to PAP or PTP, may be due to features broadly categorized as
“warm-up”. PAP may occur as a response to “warm-up” only if the effects overlap in a similar
timeframe, and contraction effort is of high intensity. However, this time relationship is often
unknown as potentiation is not assessed (with evoked contractions) in these studies (Till &
Cooke 2009). Recently, the term post-activation performance enhancement (PAPE) has been
introduced for these scenarios. PAPE is a term to describe other factors unrelated to PAP but
which have associations with previous contractions (e.g., muscle temperature, water content,
blood flow) that can alter voluntary muscle control, and in some cases improve voluntary
performance (Blazevich & Babault 2019; Boullosa et al. 2020; Cuenca-Fernandez et al. 2017;
Zimmermann et al. 2019). Factors related to PAPE are unrelated to direct mechanisms of PAP
because PAP is transient (~30s - 10min) and factors related to PAPE are often long-lasting
(Baudry & Duchateau 2004; Blazevich & Babault 2019; Hamada et al. 2003; MacIntosh and
Gardiner 1987; Seitz et al. 2015; Vandervoort et al. 1983). PAPE is the correct term to describe
the effect of previous contractions on voluntary performance when confirmation of enhanced
contractile elements is not present and is more long lasting. Although the term PAP has been
well defined historically (Blazevich & Babault 2019; Burke et al. 1976), recent studies have
defined PAP incorrectly (Boullosa et al. 2020) leading to studies describing results related to
PAP when indeed PAP was not properly assessed or quantified. Despite the definition of PAPE
being well described there remain misconceptions regarding the mechanisms and definition of
PAP as opposed to PAPE (Boullosa et al. 2020).

1.10 Post-activation potentiation (PAP)
Skeletal muscle contractility is highly dependent on previous contractile history, which can
either enhance or impair subsequent contractions. Post-activation potentiation (PAP) refers to the
acute contractile enhancement following a voluntary (5-10s) muscular contraction at a high
intensity (~>75% of maximum) (Vandervoort et al. 1983) (Figure 2). Following this high-
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intensity conditioning contraction (CC) the force response can be facilitated ~200% for the same
input stimulus (Baudry & Duchateau 2004). This enhanced force response is measured by an
evoked contraction (muscle twitch) and is graded with the intensity of the CC (Vandervoort et al.
1983). However, a high-intensity CC for a long duration (~>10s) can impair the subsequent
response due to fatiguing influences (Rassier & MacIntosh 2000). Muscle fatigue, defined by a
decrement in force output (Gandevia 2001) is also facilitated by high-intensity contractions thus
there is a balance between PAP and muscle fatigue (Vandervoort et al. 1983).

Figure 2. Example of post-activation potentiation (PAP). Maximal evoked muscle twitch before
and after a short duration maximal voluntary contraction (MVC).
A muscle twitch is used to quantify PAP and twitch potentiation describes the transient
enhancement (torque and/or rate of torque development) of the muscle twitch response following
a CC (Sale 2002). The PAP response is immediately maximal after the CC and the PAP response
follows an exponential decay to baseline levels within ~30s to ~10 minutes (Vandervoort et al.
1983; Hamada et al. 2003; Baudry & Duchateau 2004; MacIntosh & Gardiner 1987; Seitz et al.
2015). This process of PAP decay is therefore measured by intermittent twitch responses post
CC. Both the potentiation capability and time course of PAP decay is affected by fibre type
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composition. Specifically, Type II fibres have a greater potentiation capacity as they contain 3.5
times more skeletal myosin-light chain kinase (skMLCK) than Type I fibres, and there is
positive relationship with twitch potentiation and myosin light chain phosphorylation (Houston
& Grange 1991). Additionally, the oxidative capability of the muscle fiber is negatively
correlated with twitch potentiation (Moore & Stull 1984; Houston & Grange 1991). Therefore, it
is well established Type II muscle fibres have a greater PAP response than Type I fibres (Ryder
et al. 2007).

1.11 Mechanisms of PAP
The mechanisms for PAP have been thoroughly investigated and it is understood that the
primary mechanism of PAP is myosin regulatory light chain (MRLC) phosphorylation in relation
with improved Ca2+ sensitivity (Grange et al. 1993; Manning & Stull 1979; Persechini et al.
1985; Sweeney 1993; Vandenboom et al. 1993), visually depicted in Figure 3. During muscle
contraction the sarcoplasmic reticulum releases Ca2+ and increases calmodulin (CaM)
concentrations, Ca2+ is bound to CaM and activities skMLCK (Manning and Stull 1982). The
interaction of CaM and skMLCK (Blumenthal & Stull 1980) phosphorylates the RLC of the
myosin molecule (Levine et al. 1991). Once phosphorylated, myosin head orientation shifts
steepening the angle in relation to the thin filament (Levine et al. 1996). The number of forcegenerating cross bridge interactions increases due to the new orientation of myosin reducing the
distance between actin binding sites (Levine et al. 1996) and additionally increases cross bridge
attachment rate (Sweeney & Stull 1990). The improved cross-bridge interaction subsequently
improves Ca2+ sensitivity. The dissipation of PAP is by the dephosphorylation of MRLCs and is
governed by a myosin light chain phosphatase (MLCP) (Sweeney et al. 1993). Reuptake of Ca2+
dissociates CaM and skMLCK which triggers this phosphatase to remove the phosphate from the
MRLCs returning myosin orientation to its resting state (Sweeney et al. 1993).
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Figure 3. Mechanism of post-activation potentiation (PAP); taken from Blazevich & Babault
2019 Frontiers in Physiology openly distributed under the terms of the Creative Commons
Attribution Licence.

1.12 Frequency dependence of PAP
The effects of PAP are most apparent at low myoplasmic levels of Ca2+, such as low frequencies
of excitation or submaximal contraction intensities. As phosphorylation-mediated modification
to myosin structure (PAP) improves Ca2+ sensitivity varying myoplasmic Ca2+ states will have
differing response to this mechanism (Figure 4). The greatest effects of improved Ca2+ sensitivity
are seen during contractile states with low levels of Ca2+, such as with twitch responses. At low
myoplasmic Ca2+ (low or submaximal frequencies of excitation) there is a large effect of
increased Ca2+ sensitivity during PAP. At high levels of myoplasmic Ca2+ (ie., at higher maximal
frequencies of activation) the effect of improved Ca2+ sensitivity gradually becomes diminished
as the sarcoplasm has become saturated with Ca2+ (Sweeney et al. 1993). Therefore, PAP
demonstrates a ceiling effect and does not improve maximal voluntary force output, or
contractile states during maximal frequency stimulation (Sale 2002; Smith et al. 2011; Persechini
et al. 1985; Sweeney & Stull 1986).
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Figure 4. Sigmoidal relationship between force and Ca2+ concentrations (pCa) (-1og10). ForcepCa relationship before (open squares with bottom line) and after phosphorylation of myosin
regulatory light chains (closed squares with top line). Left-ward shift of force-pCa curve during
potentiation, indicating greater potentiation of force at submaximal pCa levels. No change in
force-pCa curve during Ca 2+ saturation. Used with permission (Sweeney 1993).
Type II fibres demonstrate the greatest PAP capability, however, the mechanisms of PAP have
the greatest effect during submaximal contraction intensities where smaller Type I motor units
(and fibres) predominate (Henneman & Mendell 1981). Although Type I fibres have an impaired
PAP capability opposed to Type II it has been shown human muscles predominately composed
of Type I fibres can demonstrate a significant PAP response (Vandervoort et al. 1983;
Xenofondos et al. 2015). Additionally, the greatest effects of PAP are seen when Type I motor
units and fibres predominate (low-levels of excitation). Thus, although the PAP capability is
lower than Type II fibres, Type I fibres see the greatest augmentation during PAP. Although
Type I fibres can experience PAP it is paradoxical that Type II fibres, which have the greatest
capability for PAP (Houston & Grange 1991; Moore & Stull 1984) are predominantly active
during higher force contractions, where the mechanisms for PAP have less effect. As such, it has
been proposed the greater PAP response in Type II fibres is a “waste” (Sale 2002). However,
human muscle fibres display mixed fibre types, and thus fibre typing should be considered as a
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continuum (Heckman & Enoka 2012; Pette & Staron 2000). Thus the difference in PAP
capability between “Type I” and “Type II” fibres in humans is likely not as substantial compared
to varying species used in reduced preparations where foundational knowledge on potentiation
was demonstrated (Blumenthal & Stull 1980; Houston & Grange 1991; Persechini et al. 1985;
Sweeney et al. 1993; Vandenboom et al. 1993).

1.13 Interactions between fatigue and PAP
A brief (<10s) high-intensity contraction ~>75% maximal contraction will induce a PAP
response, however, a sustained (>10sec) high-intensity contraction will induce muscle fatigue,
which is defined as a decrement in force output (Gandevia 2001; Vandervoort et al. 1983). Both
history-dependant force altering responses result from previous muscular activation and because
of this it is difficult to distinguish the effect of one from the other. Additionally, in certain
circumstances these processes can co-exist (Rassier & Macintosh 2000). Rankin et al. 1988
intermittently assessed the twitch (low-frequency) and tetanic (100hz, high frequency) force
responses during fatiguing tetanic contractions (40hz for 6 minutes). During these measurements
the twitch was enhanced and the tetanic contraction was depressed (~70%) relative to prefatigued
measures. Using a similar protocol Jami et al. 1983 found similar results directly following
evoked fatiguing contractions. However, Jami et al. 1983 followed the force responses (twitch
and tetanic) after a period of recovery (~4 hours). Following this recovery tetanic force was
minimally depressed, as opposed to evoked twitches which displayed a greater depressed force
response which was not present directly following the stimulation protocol. Because the twitch
was depressed following recovery prolonged low frequency force depression (PLFFD) was
indicated. Thus, another important feature of this relationship between fatigue and potentiation is
that potentiation dissipates within minutes (MacIntosh & Gardiner 1987; Moore & Stull 1984,),
whereas muscle fatigue and more specifically PLFFD can continue for hours (Edwards et al
1977). This relationship of PLFFD and potentiation also has been demonstrated in humans
(Fowles & Green 2003). Thus, it is clear that muscle fatigue and potentiation can co-exist,
however, the physiological relevance of this interaction is not completely understood. Two
commonly proposed cellular mechanisms for muscle fatigue are a reduced Ca2+ release and/or
decreased Ca2+ sensitivity (Bruton et al. 2008; Cheng et al. 2015; Ortenblad et al. 2000;
Westerblad et al. 1991). Since the phosphorylation of MRLC enhances Ca2+ sensitivity
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(potentiation) it has been suggested that a function of potentiation may be to counteract the
process of muscle fatigue (Green & Jones 1989; MacIntosh & Rassier 2002; Rankin et al. 1988).
Gittings et al. 2011 tested the effects of skMLCK gene ablation on the muscle fatigability in
mice. They demonstrated that skMLCK knock out (KO) mice had a reduced capability to
potentiate compared with the wildtype (WT) mice. During intermittent fatiguing tetanic (150Hz)
contractions twitch force in the WT mice was significantly higher than in the KO mice until
tetanic force dropped ~60%. Tetanic force decline was similar between both WT and KO mice.
Therefore, inhibiting MRLC phosphorylation (KO mice) accelerated the fatigue related decline
in twitch force (low frequency) but not tetanic force (high frequency). Thus, potentiation may
mitigate fatigue related force decline at low frequencies. However, it is unknown how inhibiting
MRLC phosphorylation through skMLCK gene ablation would affect submaximal force
production with frequencies above the twitch response (1 Hz).

1.14 Purpose and Hypothesis
The CC to induce PAP has been well-studied using isometric contractions. It is well-understood
that to produce a large PAP response there is an optimal relationship between intensity (%
maximum) and contraction time (Fukutani et al. 2012; Vandervoort et al. 1983). However, the
type of CC (isometric vs concentric) has received little attention (Baudry & Duchateau 2004).
Furthermore, it is unknown how the effect of concentric CC speeds (velocity) will affect the PAP
response. Thus, the purpose of this study was to characterize the effect of concentric CCs at three
speeds (10, 20 and 50 /s) on the PAP response measured by evoked twitches. Concentric CCs at
each speed were compared to isometric CCs matched for the same mean torque output, total
contraction area and contraction time. Additionally, concentric CCs were compared to isometric
MVCs with matched contraction times. During concentric contractions there are greater
myoplasmic Ca2+ levels (Ashley & Moisecu 1975; Lab et al. 1984; Stephenson & Wendt 1984)
compared to isometric, thus I hypothesize concentric contractions at all speeds will produce a
greater PAP response than an isometric MVC matched for time. Additionally, the PAP response
will grade with contraction speed such that the fastest concentric CC (50 /s) will produce the
largest PAP response, and when matched for torque, total contraction area and contraction time
concentric CCs will produce a larger PAP response than isometric contractions.
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Chapter 2
2 Post-activation potentiation induced by concentric
contractions at three speeds in humans
2.1 Introduction
Contractile properties of skeletal muscle are history-dependent and activation history can
either enhance or impair subsequent contractions. Post-activation potentiation (PAP) is the acute
contractile enhancement immediately following a voluntary induced brief (5-10s) muscular
contraction at high intensity (~>75% of maximum) (Sale 2002; Vandervoort et al. 1983). The
contraction to induce PAP is termed the conditioning contraction (CC). The PAP response is
assessed by comparing the response of an electrically induced maximal twitch immediately
following a CC to one induced prior to the CC at the same maximal stimulation intensity. From
the perspective of the active state in a muscle the twitch is a submaximal response (versus a
tetanus) and potentiation is defined as the transient enhancement of both twitch peak torque and
maximal rate of torque development (RTD) following a CC (Sale 2002). This transient muscular
facilitation can increase twitch torque upwards of ~200% (Baudry & Duchateau 2004; Smith et
al. 2011) and following an isometric CC is maximal immediately and follows an exponential
decay to baseline levels within ~30s to ~10 minutes depending on the muscle and degree of PAP
induced (Baudry & Duchateau 2004; Hamada et al. 2003; MacIntosh & Gardiner 1987; Seitz et
al. 2015; Vandervoort et al. 1983).
The two factors considered in inducing a large degree of PAP have been contraction
intensity and duration (Fukutani et al. 2012; Fukutani et al. 2014; Vandervoort et al. 1983),
whereas the influence of the type of contraction (isometric vs concentric) has received very
limited exploration (Baudry & Duchateau 2004). This, despite the necessity for skeletal muscle
to undergo dynamic stretch and shortening cycles to create joint movements. In one prior study
in humans it was reported that a maximal effort concentric CC produced a similar PAP response
as an isometric maximal voluntary contraction (MVC) (Baudry & Duchateau 2004). However,
the concentric contraction was performed at a very slow joint rotation of 5 /s in the dorsiflexors
compared with a potential ankle joint rotation speed of ~175 /s even when loaded at 20% MVC
A version of this chapter has been submitted to Experimental Physiology. Zero, A.M & Rice,
C.L. (2021) Post-activation induced by concentric contractions at thee speeds in humans.
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(McNeil & Rice 2007). The slow joint speed of 5 /s is almost isometric and the effects of more
functionally relevant joint rotations during faster CCs on PAP are not known.
The phosphorylation of myosin regulatory light chains (PAP) is a Ca2+ dependent process
which causes modification to myosin structure and improves Ca2+ sensitivity of the contractile
apparatus (Grange et al. 1993; Manning et al., 1979; Pereschini et al. 1985; Sweeney et al. 1993;
Vandenboom et al. 1993). However, it is unknown how this process is altered during concentric
CCs of moderate contractile speed. Concentric contractions have differing Ca2+ (Allen &
Kurihara 1982; Ashley & Moisecu 1975; Housmans et al. 1983; Lab et al. 1984; Stephenson &
Wendt 1984) and cross-bridge kinetics (Piazzesi et al. 2007) when compared to isometric
contractions. Specifically, during muscle shortening there is an increase of Ca2+ within the
myoplasm (Ashley & Moisecu 1975; Housmans et al. 1983; Stephenson & Wendt 1984).
Concentric contractions, especially at higher speeds, are accompanied by increased cross-bridge
detachment rates, resulting in more cross-bridges within a non-force-generating state (Piazzesi et
al. 2007). Sarcoplasmic reticulum (SR) Ca2+ release is independent of muscle length (Balnave &
Allen 1996; Fabiato & Fabiato 1975b; Frank & Winegard 1976; Hui & Gilly 1979; Yoshioka
1982) and thus concentric and isometric contractions produce the same Ca2+ release for the same
input stimulus. Because there are less force-generating cross-bridges with concentric movement
(Piazzesi et al. 2007) there is likely less Ca2+ bound to troponin C which may explain the
increased myoplasmic Ca2+ levels (Housmans et al. 1983; Lab et al. 1984; Stephenson & Wendt
1984). Furthermore, concentric movement within an in vivo model may provide additional Ca2+
release from the SR due to higher activation frequencies with concentric compared to isometric
contractions (Cowling et al. 2016; Harwood et al. 2011), with a concurrent increase in
myoplasmic Ca2+ due to the length-dependent decrease in Ca2+ affinity to troponin C
(Stephenson & Wendt 1984).
Because fatigue and PAP can coexist (Rassier & MacIntosh 2000) the optimal
contraction intensity and duration for producing a large amount of PAP while minimizing fatigue
has been well-explored for isometric CCs (Fukutani et al. 2012; Fukutani et al. 2014;
Vandervoort et al. 1983). However, during more functional (dynamic) movements the relative
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effects of contraction intensity and duration on inducing PAP is unknown. Additionally, the
influence of variables exclusive to dynamic tasks such as contraction speed are not well
understood in how they affect the PAP response. Thus, the purpose of this study was to
characterize the effect of maximal concentric CCs at three speeds (10, 20 and 50 /s) on the PAP
response measured by twitch potentiation. Concentric CCs at each speed were compared to
isometric MVCs with matched contraction times. Additionally, concentric CCs were compared
to isometric CCs matched for the same mean torque output, total contraction area and contraction
time. We hypothesized that concentric CCs at all speeds will provide a larger PAP response than
an isometric MVC matched for time. Additionally, the PAP response will grade with contraction
speed such that the fastest concentric CC (50 /s) will produce the largest PAP response, and
when matched for torque, total contraction area and contraction time concentric CCs will
produce a larger PAP response than isometric contractions.
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2.2 Methods
Participants
Eight males and 3 females (23.6

2.8 years old, 178 6.8 cm and 72 12.8kg) volunteered for

this study. Research ethics for the study was approved by the local university research ethics
board. Participants were required to provide oral and written consent before any testing was
performed. Exclusion criteria included any neuromuscular or metabolic diseases.
Experimental set-up:
Dynamometer
Participants were seated upright in a dynamometer (Cybex HUMAC NORM; CSMI Medical
Solutions, Stoughton, MA). Their left leg and ankle were fixed within an adaptor arm with the
left ankle positioned at 115 (25 plantar flexion) while hip angle was attained at 110 and knee
joint at 130 . Two adjustable non-elastic nylon straps and a stiff plastic clamp were placed over
the dorsum of the foot to minimize extraneous movements securing the foot to the dynamometer.
The lateral malleolus of the left ankle was aligned with the rotational axis of the dynamometer.
Non-elastic shoulder and waist straps were used to minimize extraneous torso movements.
Torque, velocity and position signals were recorded from the dynamometer, and converted from
analog to digital (Power 1401, Cambridge Electronic Design) and sampled each at 500Hz
(Spike2, Cambridge Electronic Design, Cambridge, UK). Visual feedback of torque, velocity and
position change was provided in real time from a monitor placed ~1m in front of the participant,
and strong verbal encouragement was provided for all voluntary contraction tasks.
Surface electromyography (sEMG)
A bipolar surface electrode (GE Healthcare, resting ECG electrodes) arrangement was placed on
the tibialis anterior and the soleus of the left leg. For the tibialis anterior, one electrode was
placed over the muscle belly mid-way along the length of the muscle and a second placed 2cm
distally. For the plantar flexors (coactivation), one electrode was placed over the soleus 2cm
distal and 2cm lateral to the inferior portion of the medial gastrocnemius and the second placed
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2cm distal. Both bipolar arrangements shared a common ground electrode on the lateral
malleolus of the left ankle. Electrode signals were pre-amplified (100x), filtered between 5Hz
and 5kHz and sampled at 2500hz (Spike2, Cambridge Electronic Design).
Electrical stimulation
The common fibular nerve was used to elicit muscle twitch responses of the dorsiflexors with a
stimulator (Model DS7AH; Digmiter, Welwyn Garden City, UK). A surface electrode (GE
Healthcare, resting ECG electrodes) was placed directly over the fibular nerve (inferior and
posterior to the head of the fibula) with the second electrode placed over the muscle belly of the
tibialis anterior ~3cm proximal to the sEMG electrode. For stimulation, a square wave pulse
duration of 200 microseconds was delivered at 400V. Stimulation intensity ranged between 60170mA. Current intensity was adjusted until muscle twitch torque amplitude showed no further
increase, despite an increase in current, at which point the current was increased 20% to a
supramaximal level.
Concentric contractions
With the dynamometer placed in the isokinetic mode, participants were tasked with producing
maximal effort concentric contractions at three speeds (10, 20 and 50 /s) over a 50 range of
motion (ROM) of the ankle joint. Ankle angle at the onset of contraction was 115 of plantar
flexion and end of ROM was 165 dorsiflexion. For all contractions participants were instructed
to relax once the ROM was complete and to allow the dynamometer to passively return at 70 /s
to an ankle angle of 115 . All concentric contraction sets were matched for contraction time (5s).
Thus contraction repetitions varied among the three speeds such that 1 repetition was required at
10 /s over the 50 ROM, with 2 and 5 repetitions, required respectively at 20 /s and 50 /s.
Participants were instructed to contract with maximal effort throughout the entire ROM.
Protocol:
Day 1: Familiarization
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Familiarization included producing maximal isometric (dorsiflexion and plantar flexion)
contractions (MVC), concentric contractions (dorsiflexion) and electrical nerve stimulation. At
an ankle angle of 115 , participants produced 2-4 dorsiflexion MVCs with 3-5 minute rest
periods between contractions and 2-3 plantar flexion MVCs with similar periods of rest between
contractions.
The dynamometer was subsequently placed in isokinetic mode. Because dynamic movement
causes architectural changes to the muscle-tendon complex which may therefore increase or
decrease the twitch response, participants ankle’s were moved passively through the ROM (50 )
at each speed (10, 20, and 50 /s) for the associated number of repetitions (1,2,5). Twitch torque
was measured before and after each passive contraction modality with ~3minutes separating each
trial to assess potential changes. Subsequently, participants practiced producing maximal
concentric contractions at each speed (10, 20 and 50 /s). Each contraction speed was performed
2-4 times (for the respective number of repetitions at each speed). Participants rested 5-10
minutes between contraction sets. The mean torque output in the last set of each concentric
contraction speed was measured and used on Day 2 to match isometric contractions to the same
torque output as the concentric contractions.
Day 2: Experimental procedure
Once supramaximal dorsiflexion twitch torque was achieved, voluntary activation (VA)
of the dorsiflexors was assessed using the interpolated twitch technique (ITT) (Todd et al.,
2004). Before contraction onset (~2s) a single stimulus was given, and subsequently during a
dorsiflexion isometric MVC a superimposed stimulation was delivered during the plateau portion
of the contraction and an additional stimulation within ~2s after completion of the MVC while
the muscle was at rest. Five minutes rest was given after the MVC. A plantar flexion MVC (~5s)
then was recorded to normalize the antagonist (soleus) sEMG recorded during the dorsiflexion
contractions. One repetition of each concentric contraction speed (10, 20 and 50 /s) was done to
assess torque reliability between days, with 5 minutes of rest provided between repetitions. If
mean torque was within ~3% of the first testing session (Day 1) data were used for the isometric
matched contractions.
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Fibular nerve stimulation producing a maximal dorsiflexion twitch was done before each
conditioning contraction and subsequently done at 1, 3, 5, 10, 30, 45, 60, 90 and 120s after the
contraction to follow any changes in the twitch properties during a period of recovery. A
minimum of 5 minutes was given as rest between each contraction and to allow for any
potentiation response to dissipate. Contractions were not re-initiated until twitch torque returned
to baseline levels. Firstly, an isometric dorsiflexion MVC (5s) was done and potentiation was
assessed. Next, three separate 5s dorsiflexion isometric contractions were preformed, in random
order, matching the mean torque output of each concentric contraction set (10, 20 and 50 /s)
from the familiarization session. Isometric matched contractions were termed 10m, 20m and
50m. Subsequently, the dynamometer was placed in isokinetic mode and participants produced
maximal effort concentric contractions, in random order, at each speed (10, 20 and 50 /s) over a
50 degrees ROM (from 115 of plantar flexion to 165 dorsiflexion). One repetition for 10 /s, 2
repetitions for 20 /s and 5 repetitions for 50 /s so that each contraction set contained 5s of active
contraction. For multiple repetitions at 20 and 50 /s subsequent repetitions were initiated
immediately after the return of the lever arm (70 /s) to the contraction start angle of 115 . To
assess PAP, fibular nerve stimulation producing a maximal dorsiflexion twitch was done before
each contraction set and repeated at 1, 3, 5, 10, 30, 45, 60, 90 and 120s after each set to follow
the twitch potentiation decay. A minimum of 5 minutes of rest was given between each
contraction set and to allow for any potentiation response to dissipate. Contractions were not
initiated until twitch torque returned to baseline levels.
Data analyses
Mean torque values and total contraction area (area under torque line) during the concentric and
isometric contractions were measured during the entire ROM (concentric) or contraction plateau
(isometric). Muscle twitch contractile properties of peak torque (Nm) and maximal rate of torque
development (RTD) in Nm/ms were calculated. Bipolar sEMG was used to assess tibialis
anterior and soleus activity assessed by root-mean-squared (RMS) amplitude measured during
the entire active ROM (concentric) or plateau contraction epoch (isometric). The soleus RMS
sEMG value obtained during an isometric plantar flexion MVC was used to normalize RMS
sEMG for all dorsiflexion contractions to assess coactivation of the plantar flexors. All
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dorsiflexion contractions (isometric and concentric) were normalized to tibialis anterior RMS
sEMG amplitude during a dorsiflexion isometric MVC. VA was calculated as previously
described (Todd et al., 2004).
Statistical analysis
Analysis was performed in R (version 3.4.3). Data distribution was assessed using the ShapiroWilk test of normality. A repeated measures two-way ANOVA was used to compare mean
torque output and total contraction area across all contraction types (concentric and isometric)
and intensity. Intensity refers to velocities for concentric contractions and each isometric
grouping (10m, 20m, 50m and MVC). A repeated two-way ANOVA was used to compare peak
twitch torque, and maximal RTD across all contraction types (concentric and isometric) and
intensity. Soleus sEMG data in 3 participants was removed from statistical analysis due to
technical problems during data collection. A repeated measures two-way ANOVA was used to
compare normalized RMS sEMG during dorsiflexion for the tibialis anterior and soleus across
all contraction types (concentric and isometric) and intensity. A paired two-tailed t-test was used
to compare baseline peak twitch torque to peak twitch torque following passive joint movement
at each speed (10, 20 and 50 /s). A Tukey Post Hoc test was used to assess where differences
exist in the ANOVA tests with a significant effect. All data are reported as mean and standard
deviation. Alpha was set at 0.05.

23

2.3 Results
Contractile measurements
Contractile measurements are presented in Table 1 and kinematic exemplar results are shown in
Figure 1. During isometric dorsiflexion MVC participants displayed a voluntary activation of
97 2 %. No differences in mean torque output or total contraction area were detected between
concentric contractions at any of the three contraction speeds and their respective isometric
matched contractions (10m, 20m, 50m) (p > 0.05). All isometric contractions of 10m, 20m, 50m
were significantly lower than isometric MVC for both mean torque output (p<0.01) and total
contraction area (p<0.05 to p<0.01). Similarly, concentric contractions of 10, 20, and 50 /s were
significantly lower than isometric MVC for mean torque output (p<0.05 to p<0.01) and total
contraction area (p<0.05 to p<0.01). No significant differences were detected between concentric
contractions of 10 /s, 20 /s and 50 /s for mean torque output (p>0.05) and total contraction area
(p>0.05). No significant differences were found in peak twitch torque following passive joint
movement at 10 /s (4.7Nm, p>0.05), 20 /s (4.4Nm, p>0.05) and 50 /s (4.5Nm, p>0.05) for the
associated repetitions and baseline peak twitch torque values (4.5Nm).
Surface electromyography (sEMG)
There was a significantly larger normalized sEMG RMS in the tibialis anterior (TA) between
concentric contractions at 10 /s , 20 /s and 50 /s and the respective isometric matched
contractions (10m, 20m, 50m) (all p<0.01) (Table 1, Figure 1). However, no significant
differences in soleus (antagonist) normalized sEMG were detected between concentric
contractions at 10 /s (p>0.05), and 20 /s (p>0.05) and their respective isometric matched
contractions (10m, 20m), but 50 /s was significantly larger than 50m (p<0.05). Isometric MVC
normalized TA sEMG amplitude was significantly larger than 10m, 20m, and 50m (all p<0.01).
For coactivation, no significant differences in soleus normalized sEMG were found between
10m, 20m, 50m and isometric MVC. Isometric MVC had a significantly lower TA normalized
sEMG RMS compared with concentric contractions at all 3 speeds (p<0.01). However, no
differences were detected between concentric contractions of 10 /s, 20 /s, 50 /s and isometric
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MVC for soleus normalized sEMG (all p>0.05). No significant differences were detected
between all concentric contraction speeds for normalized TA or soleus sEMG amplitudes, (all
p>0.05)
Muscle twitch properties immediately following CCs
Mean twitch characteristics are presented in Table 1 and exemplar twitch responses are shown in
Figure 2. No differences were found in peak twitch torque or maximal RTD between 10m, 20m,
50m and baseline peak twitch values (all p>0.05). However, 10 /s, 20 /s, 50 /s and isometric
MVC were significantly larger than baseline peak twitch torque (all p<0.05) and faster for
maximal RTD (all p<0.05). Additionally, concentric contractions at 10 /s, 20/ s, 50 /s were
significantly larger than their respective isometric matched contractions (10m, 20m, 50m) for
peak twitch torque (p<0.01) and faster for maximal RTD values (p<0.01). No differences were
found for peak twitch torque or maximal RTD values between concentric contractions at all
speeds 10 /s, 20 /s and 50 /s and isometric MVC (all p>0.05). Isometric matched contractions
(10m, 20m and 50m) were significantly lower than isometric MVC for peak twitch torque
(p<0.05 to p<0.01) and had a slower maximal RTD (p<0.05).
Twitch PAP decay
After the conditioning contraction, peak twitch torque was significantly larger in concentric
contractions of 10 /s and 50 /s than their isometric matches (10m and 50m) for time points from
1s to 45s (p<0.05 to p<0.01), but there was no significant difference at 60s to 120s (p>0.05).
Peak twitch torque was significantly larger in the concentric contraction at 20 /s than 20m at 1s
to 60s (p<0.01) after the conditioning contractions, but there was no difference at 90s (p>0.05) or
120s (p>0.05). No significant differences in peak twitch torque were detected between
concentric contractions of 10 /s (p>0.05), 20 /s (p>0.05) and 50 /s (p>0.05) and isometric MVC
at any time intervals. These data are not graphically displayed.
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Voluntary
measures
Mean torque
(Nm)

Baseline

10m

20m

50m

10 /s

20 /s

50 /s

MVC

NA
NA

16.6
4.7†
(61%)
93.5
33.2†
(66%)

13.1
4.7†
(49%)
76.1
24.3†
(54%)

19.0
5.7†
(70%)
95.2
30.5†
(68%)

17.3
5.4†
(64%)
92.2
30.1†
(65%)

13.1
5.0†
(49%)
70.3
20.1†
(50%)

27.0
17.7

Total
contraction
area (Nm.s)

17.5
6.2†
(65%)
96
32.2†
(68%)

53.7
11.2%†
23.6
13.3 %

47.3
8.0%†
27.2
12.7%

38.1
7.9%†
23.9
13.3 %

128.9
21%*†
47.5
12.3%

124.7
27.6%*†
45.0
11.7 %

127.7
26.1%*†
43.6
11.3 %*

100.0 %

5.4
2.4†
(120%)
0.16
0.07
(123%)

5.1
2.2†
(113%)
0.15
0.06
(115%)

4.9
1.0†
(109%)
0.15
0.07
(115%)

7.9
2.8*†
(175%)
0.24
0.08
(185%)

7.7
3.0*†
(171%)
0.25
0.09
(192%)

7.1
1.9*†
(158%)
0.25
0.09
(192%)

7.1 2.8
(158%)

sEMG
(RMS)
TA

NA

SOL

NA

Twitch
properties
Pt (Nm)

4.5

RTD
(Nm/ms)

0.13
0.06

1.9

141.0
38.1

41.0
10.8%

0.23
0.06
(177%)

Table 1. Voluntary and stimulated contractile measurements and surface electromyography. Baseline refers to values before any
conditioning contractions.10m, 20m and 50m refer to isometric matched contractions to each dorsiflexion isokinetic speed (10,
20 and 50 /s). MVC refers to a 5s maximal voluntary isometric dorsiflexion contraction. Mean torque is the average torque value
over the 5s contraction, total contraction area refers to the area under the torque line. Percentage values (%) for torque and area
relative to the MVC. TA is tibialis anterior and SOL is the soleus muscle. RMS is the root-mean-squared surface
electromyography (sEMG) amplitude. Percentage values (%) for the TA are presented relative to the dorsiflexion MVC. SOL
percentage values are relative to the RMS during a maximal plantar flexion isometric MVC. Pt is the peak twitch torque and RTD
(Nm/ms) is the maximal rate of torque development. Percentage values (%) refers to the relative increase from baseline twitch
properties.*denotes significant difference to isometric match; †denotes significant difference to MVC. All data are expressed as
mean standard deviation.
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Figure 5. Example surface electromyography and kinematic data of two maximal dorsiflexion isokinetic concentric
contractions at 20 /s. A: Unprocessed bipolar surface electromyography recorded from the soleus (antagonist). B:
Unprocessed bipolar surface electromyography recorded from the tibialis anterior (agonist). C: Joint position in
degrees ( ). D: Velocity in /s. E: Voluntary concentric torque output in Nm. Peripheral nerve stimulation (jagged
arrows) was done before and after the contractions to produce a baseline and potentiated twitch responses, (see
twitch responses in figure 6).

Figure 6. Example of muscle twitch responses after conditioning contractions (CC). Twitch following an isometric
maximal voluntary contraction (MVC) compared with a baseline twitch. Twitches following a 10 /s, 20 /s and
50 /s concentric CCs compared respectively with isometric twitch matches at 10m, 20m, and 50m CC.
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Chapter 3
3 Discussion and summary
3.1 Discussion
The purpose of this study was to characterize the effect of maximal concentric CCs at three
speeds (10, 20 and 50 /s) on the PAP response measured by twitch potentiation. In addition, the
PAP response induced through concentric contractions was compared with the PAP response of
isometric MVCs matched for contraction time. The amount of PAP induced from the concentric
contractions was not affected by speed and was not significantly different than an isometric
MVC sustained for the same duration. When concentric CCs were matched with isometric CCs
for torque, contraction times and areas, concentric contractions at all speeds produced
significantly larger potentiated peak twitch torques (49 to 58%) and faster maximal RTD (55 to
77%) than their respective isometric contractions.
Each maximal effort concentric contraction set had a significantly lower mean torque output
(~30-50%) and total contraction area (~30-45%) than the isometric MVC despite the
contractions being matched for contraction time (5s). Because contractile force production is
dependent on the number of formed cross-bridges, as muscle length changes (concentric) the
number of active cross-bridges (Piazzesi et al. 2007) are fewer with concurrent changes in actinmyosin overlap (Huxley 1957). Throughout the active ROM of a concentric contraction the
shortening muscle lengths lead to sub-optimal actin-myosin overlap reducing active torque
production. This difference in cross-bridge interactions explains why torque output in maximal
effort concentric contractions is lower when compared with isometric MVC contractions (Blix
1894; Edman 1966; Gordon et al., 1966). Despite differences in torque production there was no
difference in the PAP response across all concentric speeds and concentric CCs were not
different from the isometric MVC condition (Table 1). One study in human dorsiflexors showed
that a slow (5 /s) maximal effort concentric contraction produced a similar PAP response as an
isometric MVC when matched for contraction time (6 seconds), over a 30 ROM (Baudry &
Duchateau 2004). Contrary to our hypothesis and despite speculation by Baudry & Duchateau
(2004), we found that the amount of PAP (twitch peak torque and RTD) following concentric
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contractions was unaffected by varying velocity (Table 1). Although concentric contractions
have greater amounts of Ca2+ within the myoplasm (Allen & Kurihara 1982; Ashley & Moisecu
1975; Housmans et al. 1983; Lab et al. 1984; Stephenson & Wendt 1984) the Ca2+ dependent
process of PAP may already be saturated during an isometric MVC, thus Ca2+ increases above
that threshold do not equate to a larger PAP response. During all contraction types Ca2+ is
released from the SR and binds with calmodulin activating skeletal myosin light chain kinase
which phosphorylates the myosin regulatory light chains (Blumenthal & Stull 1980; Levine et
al., 1991) producing a potentiated response. Although there may be more free Ca2+ during
concentric contraction (Allen & Kurihara 1982; Ashley & Moisecu 1975; Housmans et al. 1983;
Lab et al. 1984; Stephenson & Wendt 1984) the threshold to reach a maximal PAP response is
likely achieved during a maximal isometric MVC thus displaying no differences between
concentric CCs at all velocities. We showed no differences in potentiated peak torque and RTD
among the three concentric contraction speeds (Table 1). This lack of difference among
velocities in vivo may be due a limited assessment of the velocity range available. Maximal rates
of dorsiflexion concentric ankle joint velocity with a moderate resistance (20% MVC) can
achieve speeds of ~175 /s (McNeil & Rice 2007). The challenge for testing faster speeds in this
model is the decrease in active contraction time before the joint reaches the end of the ROM,
thus high repetition counts are needed to match the torque time integral and therefore potentially
inducing fatiguing factors which may confound the PAP response.
Maximal concentric CCs also were compared to isometric CCs matched for mean torque,
contraction times and areas. When matched for these torque related parameters, concentric CCs
at all speeds had a significantly greater PAP response demonstrated through a larger potentiated
peak twitch torque (55%, 58%, and 49%, respectively) and also faster maximal RTD (62%, 77%
and 77%, respectively) than their isometric match (Table 1, Figure 2). Although torque related
parameters were matched, muscle activation was not. Due to the mechanical disadvantage of a
concentric movement (Piazzesi et al., 2007) isometric matched contractions require less
activation to reach similar torque levels, which is indicated by a significantly lower sEMG signal
(Table 1). Therefore, the larger PAP response following concentric CCs compared to isometric
matched contractions is likely related to differences in activation rather than the contraction
modality. As outlined, the Ca2+ dependent process of PAP is likely saturated under maximal
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activation regardless of contraction type. However, the Ca2+ (Allen & Kurihara 1982; Ashley &
Moisecu 1975; Housmans et al. 1983; Lab et al. 1984; Stephenson & Wendt 1984) and crossbridge differences (Piazzesi et al. 2007) between contraction types may be more apparent under
submaximal activation at pre- saturated Ca2+ levels. The effect of submaximal isometric CCs is
well understood (Vandervoort et al. 1983), conversely, it is unknown whether concentric CCs
follow a similar intensity threshold (~75%MVC) to produce a substantial or maximal PAP
response (Vandervoort et al. 1983).
There are several history-dependent torque altering mechanisms following voluntary related to
movement and muscle length changes (Abbot & Aubert 1952). We found that following passive
movement through the range of motion at each speed (10, 20 and 50 /s) for the given repetition
count there was no statistical difference in peak twitch torque compared to baseline values.
Additionally non-passive history-dependent actions such as residual torque enhancement (rTE)
or depression (rTD) (Abbot & Aubert 1952) likely had no effect on our concentric twitch
responses because rTE is present after active muscle lengthening and participants were instructed
to relax after active shortening to allow the joint angle to return passively to the start.
Furthermore, twitch characteristics were measured at the starting joint angle and not at the end of
active shortening ROM thus rTD is also unlikely to affect the twitch response in the present
study. Thus, increase in twitch torque and RTD following voluntary concentric contractions were
related to PAP and likely not effected by other history-dependent mechanisms.
The coexistence of potentiation and fatigue illustrates (Rassier & MacIntosh 2000) the
importance of the interplay between contraction intensity and duration in producing a large
amount of PAP and has been well described in isometric models (Fukutani et al. 2012; Fukutani
et al. 2014; Vandervoort et al. 1983). However, this relationship is confounded in dynamic
contractions as additional variables become relevant such as contraction speed, repetition count
and ROM. Thus, equivalent comparisons are further challenged with these additional factors. In
relation to this, concentric contractions induce greater peripheral muscle fatigue than isometric
contractions (Babult et al. 2006); likely due to the decreased metabolic efficiency in concentric
contractions when matched with similar isometric contraction intensities (Ryschon et al. 1997).
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In the current study the 5s CC time was chosen to minimize effects of repetition number and
fatigue on the PAP response (Babault et al. 2006). Furthermore, concentric contractions often
display higher sEMG activity than isometric contractions when matched for torque output
(Madeleine et al. 2001), and indeed we found higher agonist (tibialis anterior) sEMG during
concentric compared to isometric contractions in all conditions (10m, 20m, 50m and MVC).
Although there was a trend for antagonist (soleus) sEMG to be greater during concentric
compared to isometric matched contractions (10m, 20m and 50m), it was only significant
between 50 /s and 50m. This indicates that there is a greater neural drive to agonist muscles
during concentric compared to isometric contractions and that higher antagonist activity during
concentric contractions may be a compensatory response to stabilize the joint during dynamic
movement. Contrary to our findings, however, higher sEMG in concentric contractions
compared to isometric is not always present (Babault et al. 2001). The differing sEMG results
between studies is unclear but may be a limitation of sEMG during dynamic movements, such as
electrode shift (Farina 2006). Additionally, motor unit firing rates are higher during high velocity
concentric contractions compared to maximal isometric contractions (Cowling et al. 2016;
Harwood et al. 2011), and likely contribute to the higher sEMG response found in the present
study.
Following CCs the PAP response will immediately be maximal and subsequently begin to
dissipate and this process is observed by intermittent twitch measurements. Peak twitch torque
following concentric CCs at each speed (10, 20 and 50 /s) trended larger than their respective
isometric match contraction throughout the entire 120s of twitch decay. However, concentric
CCs of 10 and 50 /s were only significantly larger than their isometric match for the initial 45s
after the CC, and at 60s for 20 /s, and concentric CCs were not significantly different than an
isometric MVC at any time point. The dissipation of PAP is by the dephosphorylation of MRLCs
and is governed by a phosphatase (Sweeney et al. 1993). This phosphatase removes the
phosphate from the MRLCs returning the myosin orientation to its resting state (Sweeney et al.
1993). Thus, despite PAP being greater following concentric contractions and for the initial 4560s afterwards, the relative decline or decay of the enhancement was similar to matched
isometric contractions and after 60s there were no statistical differences. Because the initial PAP
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response is similar between all concentric contractions and an isometric MVC it is reasonable to
observe a similar dissipation rate of the PAP response between these contractions.

3.2 Conclusion
This study characterized the effect of concentric CCs at three speeds (10, 20 and 50 /s) on the
PAP response measured by twitch potentiation. The principal finding was that the PAP response
following maximal concentric CCs was independent of contractile speed. Secondarily, concentric
CCs at all speeds were not significantly different than an isometric MVC matched for time.
Although concentric CCs at varying speeds and an isometric MVC have differing Ca2+ and
cross-bridge kinetics, the Ca2+ dependent mechanism of PAP is likely saturated at all maximal
contractions regardless of modality (isometric or concentric). Concentric CCs at all speeds
produced a significantly larger PAP response than their isometric CC when matched for mean
torque, contraction time and area. However, this difference is likely related to muscle activation
rather than the contraction modality. Further investigation into submaximal concentric CCs is
warranted as differences within the PAP response may be only at submaximal contraction
intensities, under submaximal Ca2+ levels. During dynamic contractions other factors and
variables are important to understand in relation to PAP and the optimal relationship between
torque output and contraction time in this task requires further study, and to fully determine the
effect of contractile shortening speed. Indeed, the potential effect of other history-dependent
competing factors such as fatiguing processes may have a different role in dynamic tasks
compared with isometric actions in relation to PAP.

3.3 Limitations
Understanding concentric contractions has direct implications in daily human movements,
however, studying neuromuscular aspects of concentric contractions has several technical
limitations related to mechanical changes in the system and the influence of additional kinematic
parameters such as velocity and ROM. Surface EMG was used to record global myoelectrical
activity of tibialis anterior and soleus muscle groups. Under isometric conditions the actively
contracting muscle fibres remain relatively constant in relation to the overlying skin. However,
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during concentric movement the fixed electrodes do not move in relation to the underlying
shortening contractions and thus different regions of the muscle are contributing to the surface
signal throughout the range of movement. Using an indwelling wire electrode would overcome
this limitation as it is inserted directly into the muscle and follows the fibres as they shorten.
However, indwelling wire electrodes also have limitations. Most notably, the electrode records
from a small area relative to the whole muscle (Basmajian & Stecko 1962) and thus data through
indwelling electrodes may be less representative of the whole contracting muscle.
Voluntary activation (VA) was assessed during a maximal isometric contraction which is
commonly done. However, it is challenging to assess VA during concentric movement and this
was not done in the present study due to mechanical limitations of the dynamometer and joint
angle ROM chosen. Specifically, it is necessary for the resting (control) and interpolated twitch
to be delivered at a fixed horizontal plane (90º) during passive (control) or active (interpolated)
dynamometer movement (Gandevia et al. 2004). However, during active shortening there is
minimal time for a participant to achieve maximal activation when starting at 115º plantar
flexion. Additionally, during resting twitches with passive dynamometer movement not all
participants produced a large enough twitch response for a reliable assessment of VA. Therefore,
it is unknown whether participants could fully activate during concentric contractions at all three
speeds. To address this potential concern indirectly, on a separate testing day before the main
measures, participants were practiced in making strong and consistent concentric contractions
throughout the entire ROM. As isometric VA was maximal (~97%) and participants were
familiarized with the contractions, it is likely participants could achieve maximal activation
during concentric contractions.
The present study induced PAP through slow and moderate velocity concentric CCs. Although
the velocities used were substantially faster than in the few past reports at up to 50 /s, the
dorsiflexors have a potential joint rotation of ~175 /s (loaded at 20%MVC) (McNeil & Rice
2007) and thus the PAP response after higher maximal velocity conditioning contractions is
unknown. The limitation with near maximal velocities is the decrease in time of active
contraction throughout the ROM. As a result, increased repetitions would be required to match
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contraction times between conditions potentially causing muscle fatigue. As described, isometric
and concentric contractions have differing fatiguing mechanisms.
Both males and females were tested in the present study. However, due to the limited number of
female participants differences in the PAP response could not be statistically compared between
sexes. Females can display a lower PAP response than males (Paasuke et al. 2002) but this is not
always found (Simpson et al. 2018). Differences in fibre type (Miller et al. 1993), tendon
compliance (Onambélé et al. 2007) and neuromuscular control (Inglis & Gabriel 2021) may
cause differing PAP responses following concentric contractions between sexes. Thus,
systematically exploring sex differences in the PAP response following dynamic CCs is
warranted.

3.4 Future directions
The current investigation advanced the understanding of PAP following concentric CCs.
Conversely, investigation into the PAP response following eccentric (lengthening) contractions
at moderate and high velocities would be especially interesting to explore. Eccentric contractions
occur in daily movement and little is known about the PAP response following these movements
as only one previous study has explored this concept (Baudry & Duchateau 2004) which was
done at very slow speeds 5 /s. Eccentric contractions have differing cross-bridge kinetics
(Flitney & Hirst 1978) and activation patterns (Enoka 1996) than concentric and isometric
contractions.
The effect of submaximal isometric CCs on the PAP response is well known, but the effect of
submaximal concentric contractions has not been investigated. Therefore, it is unknown whether
concentric CCs follow a similar intensity threshold (~>75%MVC) (Vandervoort et al. 1983) to
produce a significant PAP response. Isometric CCs to induce PAP have been well studied as the
optimal relationship between PAP and fatigue can be assessed by manipulating contraction
intensity or duration. However, during dynamic movement other variables may impact the PAP
response such as repetitions, ROM and velocity. Understanding the relationship between these
variables with PAP and fatigue will provide additional insight into concentric conditioning
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contractions and the importance of the interplay between fatigue-inducing actions compared with
acute force enhancements (PAP).
The present study used dorsiflexion as the contraction modality. The TA is the primary
contributor to dorsiflexion torque (~40-60%) and is mainly composed of Type I fibres (~75%)
(Fukunaga et al. 1996; Johnson et al. 1973; Marsh et al. 1981). It is well established that muscles
composed of a greater percent of Type II fibres have a greater PAP capacity (Houston & Grange
1991; Moore & Stull 1984). Thus, it is unknown if muscles composed predominantly of Type II
fibres would have a similar response to slow and moderate velocity concentric CCs. The triceps
brachii is predominantly composed of Type II fibres (~65%) (Johnson et al. 1973) and is the
primary elbow extensor. Therefore, a future study using concentric elbow extension to induce
PAP would provide insight into the influence of fibre type composition and PAP following
concentric CCs.
The decrease in PAP capability with age is well documented (Petrella et al. 1989). However, it is
unknown how a dynamic (concentric or eccentric) CC would influence the PAP response in aged
individuals. Due to aged-related changes in contractile properties (Vandervoort & McComas
1986), kinetics (Höök et al. 1999) and with motor unit remodelling (McNeil et al. 2005)
relationships between PAP, fatigue and velocity may be modified when tested in different
adapted states such as aging.
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